Recent breakthroughs in synthesis in nanosciences have achieved control of size and shapes of nanoparticles that are relevant for catalyst design. In this article, we review the advance of synthesis of nanoparticles, fabrication of two and three dimensional model catalyst system, characterization, and studies of activity and selectivity. The ability to synthesize monodispersed platinum and rhodium nanoparticles in the 1-10 nm range permitted us to study the influence of composition, structure, and dynamic properties of monodispersed metal nanoparticle on chemical reactivity and selectivity. We review the importance of size and shape of nanoparticles to determine the reaction selectivity in multi-path reactions. The influence of metal-support interaction has been studied by probing the hot electron flows through the metal-oxide interface in catalytic nanodiodes. Novel designs of nanoparticle catalytic systems are discussed.
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I. Introduction -Evolution of catalyst model system
It rarely happens in the history of catalysis that new catalyst materials and structures are invented that lead to the development of new catalytic reactions and new chemical and energy conversion processes. Nanosciences and the synthesis of monodispersed nanoparticles present this opportunity. Most industrial heterogeneous catalysts are highly dispersed metal nanoparticles supported on porous oxides [1] [2] [3] [4] [5] . Recent breakthroughs in synthesis in nanosciences have achieved control of size and shapes of nanoparticles [1, [6] [7] [8] [9] [10] [11] .
The influence of composition, structure, and dynamic properties of monodispersed metal nanoparticles on chemical reactivity and selectivity have been studied to bridge the so called "material gaps" [4-6, 9, 10, 12-14] .
In this article, we review the evolution of model catalysts over the past 10 years that are moving from studies of single crystal surfaces to nanoparticles fabricated by colloid synthesis. The evolution of model catalyst systems are shown in Figure 1 . Single crystal surfaces have served as model catalytic systems that have shed light on many surface phenomena. However, single crystal surfaces inherently lack the complexity needed to uncover many of the factors important to catalytic turnover and selectivity for industrial catalysis. To consider these factors such as metal support interactions and the importance of metallic cluster size, new catalytic model systems have been suggested. Figure 1 shows two of suggested emerging model systems that are colloid nanoparticles with control of size and shape on two or three dimensional supports.
To fabricate two-dimensional (2D) or three-dimensional (3D) nanoparticle arrays, we deposit nanoparticles arrays on the planar support, or encapsulate them in three 3 dimensional mesoporous support, and carry out characterization and catalytic studies in these modes. Colloid techniques are used to take chloroplatinic acid or a rhodium precursor like rhodium acetyl/acetonate, and in the presence of a polymer (PVP) these metal ions are reduced in alcohol [10, 11 , 15, 16 ] . As the particle nucleate and grow they are kept with a polymer that is porous enough to allow growth to various sizes from 1-8 nm as shown in Fig 2a. Not only can we control the particle size by the monomer concentration, but with suitable change of the growth parameters we can change the shape of these particles from hexagonal to cubic, to a mixture of cubic and hexagonal called cuboctahedra as shown in Figure 2b [8 , 17 ] .
Once we have obtained monodispersed particles with desired size and shape we can put it on a Langmuir trough and squeeze it with a certain surface pressure to deposit different densities of monolayer films of these nanoparticles. The average inter-particle spacing can be tuned by varying surface pressure as shown in Fig 3 [10, 11] [18] . This approach has the advantage of size and shape control of the nanoparticles synthesized with this colloidal route and the formation of an oxide-metal interface between nanoparticles and substrate. Various surface techniques such as X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM) can be utilized to characterize the chemical composition and morphology of 2D nanoparticle arrays before and after the chemical reactions.
Colloid nanoparticles can also be used in 3D model catalysts. The 3D nanoparticle systems have high surface area ~1 m 2 /g, oxide/metal interfaces that closely resemble industrial systems, and controllable size and shape. We can encapsulate the nanoparticles with mesoporous support as SBA-15 silica. Figure 4 shows the TEM image of Pt nanoparticles (2.6 nm) assembled into SBA-15 silica support via the method of synthesis 4 called capillary inclusion. In this method, monodispersed Pt nanoparticles and mesoporous SBA-15 silica are mixed in water/ethanol solution with low power sonication to promote nanoparticle entry into the SBA-15 pore structure by capillary inclusion and mechanical agitation [10] . The other method of 3D catalyst synthesis involves the hydrothermal synthesis of SBA-15 silica in a solution containing polymer stabilized Pt nanoparticles. This method, referred to as nanoparticle encapsulation (NE) leads to Pt/SBA-15 catalysts with particles located within the silica pore structure [11] .
II. Chemical activity studies of 2D and 3D nanoparticle systems
Below the activity studies are shown by several examples. Ammonia synthesis is very structure sensitive [19, 20] . Spencer et al. studied ammonia formation on five different faces of iron single crystals at 798 K and a total pressure of 20 atm of a stoichiometric mixture of hydrogen and nitrogen, and found that the (111) face is the most active face. This structure sensitivity leads to an increase of turnover rate for ammonia formation as the iron nanoparticle size is increased as shown in Figure 5 , because the (111) surface is preferential as the particle size increases [19] [20] [21] .
Song et al. studied the dependence of the turnover rate and activation energy on the Pt particle size under ethylene hydrogenation and ethane hydrogenolysis. Monodisperse platinum nanoparticles of 1.7-7.1 nm have been synthesized by alcohol reduction methods and incorporated into mesoporous SBA-15 silica during hydrothermal synthesis. Figure 6 shows the plot of turnover rate and activation energy of ethylene hydrogenation over Pt nanoparticles and single crystals as a function of particle size under ethylene hydrogenation, 5 indicating that the turnover rates are unchanged with the size of Pt nanoparticle along with the activation energy, which remains constant. All data were taken at or corrected to 298 K, 10 Torr C 2 H 4 , 100 Torr H 2 . [11, 22] For ethane hydrogenolysis to methane the turnover rate declines with particle size while the activation energy increases as shown in Figure 7 . [11] Turnover frequencies decrease by 2 orders of magnitude over the size range, while the apparent activation energy increases. Coordinatively unsaturated surface atoms in small particles have a higher reactivity and subsequently a smaller barrier for hydrogenolysis than highly coordinated surface atoms of larger particles.
For cyclohexene hydrogenation to cyclohexane over platinum nanoparticles again the turnover rate and the activation energy remains unchanged with increasing particle size (figure 8a). However, for cyclohexene dehydrogenation to benzene the turnover rate declines markedly as the activation energy increases the particle size (figure 8b).
Crotonaldehyde hydrogenation shows steady state turnover with increasing particle size along with unchanged activation energies (figure 9).
III. Catalyst Characterization under Reaction Conditions
Techniques of surface science allow us to determine the reaction intermediate under catalytic reaction conditions along with the surface mobility [14, 23] . The high pressure scanning tunneling microscopy allows us to look at surface mobility (figure 10a) [24] [25] [26] [27] [28] , while sum frequency generation vibrational spectroscopy allows us to measure the vibrational spectra of adsorbed molecules [29] [30] [31] (figure 10b). Figure 11a shows that during cyclohexene hydrogenation/dehydrogenation the three species on the catalytically active 6 surfaces are 1,3 cyclohexadiene π-allyl and 1,4 cyclohexadiene [32] . During the reaction scanning tunneling microscopy at high pressure show no sign of order on the catalytic reactive surface. The mobility of the adsorbate must be greater than 100 Ǻ per millisecond to make it impossible to exhibit ordered structure (figure 11b). However, when the reaction is poisoned by the introduction of carbon monoxide ordered structure forms and the catalytic turnover stops (figure 11c) [26] . Thus the mobility is an important feature of the catalytically reactive surface as the adsorbate has to be mobile in order to turn over. Not only the adsorbates are mobile but the substrate metal is mobile. We found that the (110) surface of platinum undergoes restructuring in different ways in the presence of atmospheric hydrogen or oxygen of carbon monoxide [33] . The restructuring of the surface coincides with the mobility of the adsorbate, thus the surface, both the metal and the adsorbate, has to be dynamic for catalytic reactions to occur.
IV. Reaction selectivity on nanoparticle systems
In the 21 st Century catalysis science focuses on reaction selectivity. That is, if there are several thermodynamically stable products that we only want to form the one desired product out of several products. We have investigated some typical multipath reactions selectivity; benzene, cyclohexene and crotonaldehyde. The reaction selectivity is much less understood than the reaction activity of single product catalytic reaction such as ammonia synthesis or ethylene hydrogenation. A very small change in competing potential energy barriers due to structure, or the use of additives changes the product selectivity dramatically.
We studied this reaction in the form on benzene hydrogenation which produces two 7 molecules; cyclohexane and cyclohexene on the platinum (111) surface while only one molecule (cyclohexene) on the (100) face. What we find is that nanoparticles, when they are cuboctahedra, give rise to two products just like (111) single crystal surfaces, but when they are cubes they give rise to one product like the (100) single crystal surface ( figure 12 ) [17] . The reaction selectivity for cyclohexene hydrogenation/dehydrogenation favors cyclohexene formation as the particle size increases while benzene formation declines ( figure 13 ). The reason for this is that while the activation energy for hydrogenation of cyclohexene to cyclohexane is constant as a function of particle size and remains unchanged, the activation energy for dehydrogenation to benzene increases with increasing particle size that results in declining benzene concentrations. Figure 14a shows the schematic of multi-path reactions of crotonaldehyde hydrogenation. As shown in Figure 14b , the sum total of butyraldehyde and crotyl alcohol, the two products of crotonaldehyde hydrogenation, is constant the selectivity changes with particle size as small nanoparticles of platinum favor butyraldehyde while larger particle sizes favor crotyl alcohol to form.
V. Novel nanoparticle assembly for the nanocatalysis
The field of nanocatalysis is therefore established whereby nanoparticles nucleation growth. Characterization and formation of either two-dimensional or three-dimensional assemblies are the basis for nanocatalysis followed by studies of reaction selectivity and activity. Nanoparticle synthesis studies indicate the formation of bimetallic nanoparticles, and several of these are shown in Fig. 15 . We can make palladium nanoparticles using 8 platinum nanoparticles as seeds ( Fig. 15a ) [34] iron platinum ( Fig. 15b ) and cobalt platinum ( Fig. 15c ) bimetallic materials. [35, 36] These structures can be synthesized by using monodispersed nanoparticles as seeds for nucleating the second component of nanoparticle.
The bimetallic nanoparticle structure allows maximization of the density of interface sites and permits tailoring the composition of multicomponent catalytic systems with high level of precision. Such structures can exhibit interesting properties because of assembling two different catalysts into one nanoscale unit with well-defined and easily accessible boundary between two materials.
There is another type of nanoparticles called core shell structures, which is based on the Kirkendall effect. That is when two substances diffuse to form a compound, one diffuses must faster than the other one as shown in the figure 16 . Zinc and copper form brass, but zinc diffuses must faster than copper leaving behind zinc vacancies [37] . Nanoparticles of cobalt can be made hollow by forming a sulfide or an oxide as the shell and the cobalt diffuses out faster than the sulfur or oxygen diffuses in, forming a hollow nanocrystal as shown in Fig. 16 [38] . We can use this phenomenon to provide a shell of cobalt oxide around a platinum seed. Iron oxide shells around gold or iron oxide shells around iron have been all synthesized as shown in Fig. 17 by a three-step process [38] . Platinum particles were synthesized first, followed by injection and decomposition of Co 2 (CO) 8 In most cases the hollow exterior shell is polycrystalline, and selected small molecules are thought to enter the internal cavity via grain boundaries and pinholes. When encapsulated in this manner, the interior nanoparticles retain their catalytic activity, as was demonstrated by Yin et al for the ethylene hydrogenation reaction [38] . Encapsulated catalyst nanoparticles should be much more resistant to aggregation and sintering. Small average diameter of the pinholes for reactant access and product removal provides a means for molecular shape selectivity. Size and shape selectivity is expected for molecules with average cross-sections less than the pinhole diameter. By performing reaction in a confined medium we also expect to improve the selectivity of hydrocarbon conversion reactions used as liquid fuels.
The core-shell nanoparticles combining oxide and transition metal can be synthesized in a similar manner. Metal oxides such as ZnO, MnO 2 , TiO 2 , Fe 3 O 4 can be combined with transition metals (Pt, Pd, Ru, Ni, Co, Fe, Au, Cu) and used to investigate the catalytic activity and selectivity. The metal-oxide interface is known to be the active site responsible for the increased reaction rates in many industrial catalysts [39 , 40] . However, characterization and control of these interfaces has been challenging, limiting prospects for optimizing catalytic activity. The development and investigation of well-defined, multicomponent nanoparticle system with the control of size and shape by colloidal chemistry techniques are key issue in the nanocatalysis. 10 Studies indicate that when a catalytically active metal is covered with an oxide that carries out no catalytic reaction, the metal becomes much more active. These studies were initiated in the 1950's and 1960's and an explanation for this phenomenon is provided by the evidence of hot electron generation at metal surfaces [41] . It appears that when photons strike a metal surface in the femtosecond regime hot electrons generate and diffused into the metal before they can be equilibrated with lattice vibrations. The diffusion mean free pass could be around 5-10 nm. Also, when vibrationally excited molecules strike another surface they are rapidly deexcited because of hot electron formation [42] [43] [44] . We fabricated a catalytic nanodiode where catalytically reactive platinum thin films were deposited on an oxide to form a Schottky barrier and we made contact to both sides of this barrier of Pt or Pd on TiO x or GaN [45] [46] [47] . Figure 18a shows the typical I-V curves measured on Pd/TiO x diode. We fabricated 18 of these diodes on a silicon 4 inch wafer and then enclosed it into a catalytic reactor where we can measure both the current and the product distribution of the gas phase reactions, which was in this case carbon monoxide oxidation. As one sees in the Fig. 18b , the chemicurrent is proportional to the turnover rate of the catalytic reaction indicating that the two correlates and coincides [48] . More importantly, we found that application of a electrostatic potential between the metal and the oxide under the reaction condition influences the turnover rate. The mechanism of influence of hot electron flows on the catalytic activity is being investigated. This provides a glimpse of the possibility that by using hot electrons flow we can control turnover, while the turnover of the exothermic reaction provides the hot electron currents.
VI. The active sites at the oxide metal interface
VII. Future perspective -Catalysts are all nanoparticles 11 Whether we look at enzyme catalysts, homogeneous or heterogeneous catalysts they are all nanoparticles. The Figure 19a shows cytochrome C which has a 4 nm size where the catalytic site outside the protein ligands are 1.4 nm in size. A single site olefin polymerization catalyst ( figure 19b) , which is homogeneous, has a 1.6 nm size [49] . A platinum nanoparticle can be produced and are active in the 1-7 nm regime. This shows that nature and technology prefers catalysts which are all in the nanoparticle size range and to understand them we have to be able to study them under the same reaction conditions if at all possible to learn the molecular ingredients that are responsible for the catalytic activity.
This, we believe, will be one of the major directions of research in the near future. Figure 5 . Turnover rate for the synthesis of ammonia as a function of Fe particle size. Rate of turnover rate of ammonia synthesis was measured at 673K, atomospheric pressure, and stichiometric mixture of 0.15. The KMI and KMH catalysts are promoted, unsupported iron. The sites were counted by chemisorption of H 2 , CO, or N 2 as indicated. 
